Introduction
Carbon materials have been playing a significant role in the development of alternative clean and sustainable energy technologies. Energy density, power density, size, weight, initial cost and life are the most important requirements for energy storage devices. In terms of power and energy density, the supercapacitor fills up the gap between the battery and classical capacitor, allowing new applications. Many carbon-based materials are reported as energy storage supercapacitors due to their high power density, high energy density, low cost, short charging time and long cycle life. These materials include activated carbon, carbon nanotubes, carbon nanospheres and graphene [1] [2] [3] [4] . The carbon-based electrical double layer capacitor (EDLC) utilizes the double layer formed at the interface between the nanoporous carbonaceous electrode and the electrolyte solution. The supercapacitance depends on pore size distribution of the carbon materials. The carbon materials with large pores are more suitable to highpower supercapacitor applications because the ions transport into the pores easily. Among all carbon materials, spherical carbon nanospheres are attractive candidates for functional materials due to high heat stability and excellent conductivity [2, 5] . Electrochemical supercapacitors have a wide range of applications in telecommunication devices, such as cell phones and pagers, stand-by power systems and electric hybrid vehicles [6, 7] .
On the other hand, producing high quality porous carbon nanoparticles is a difficult challenge since they require lots of care and attention [8] . Additionally, PCNs are very attractive materials due to their wide variety of applications [8] . One of the prime interests that has recently arisen is to produce PCNs using biowaste materials which not only reduce the burden to the environment but can also be more effective as compared with available PCNs. Most of nanoparticle synthesis, including catalysis, is a necessary phenomena but an exception to this has been reported recently by our group where catalyst free PCNs were obtained using biowaste materials [9] . Excellent quality of the PCNs were characterized and the reported small particle sizes ranged from 30-50 nm.
To further extend this work, we here conduct detailed electrochemical studies on newly synthesized PCNs by cyclic voltammetry (CV), charge-discharge galvanostatic tests and electrochemical impedance spectroscopy.
Experimental procedures and techniques

Sample preparation
PCNs with a porous structure were obtained using single step pyrolysis in nitrogen atmosphere from biowaste. The dry oil palm fronds were collected from a local oil palm estate in Malaysia, the leaves were separated from the fronds and dried in an oven at 60 °C for two days to remove all the moisture. The dry oil palm leaves (OPL) was crushed to a small size, then grinded at a speed of 12 000 rpm using a grinder (Retsch, ZM 200, Germany). The ground OPL was then sieved to achieve a particle size of 62 µm. The OPL was pyrolysed in a tube furnace (Nabertherm, EW-33334-36) at 500 and 600 °C for 2 h under a continuous flow of N 2 (150 ml cm and simultaneously cooled down to room temperature in N 2 atmosphere to get the pyrolysed product. The aqueous NaOH, 2.5M was employed to remove the silica from the pyrolysed product and generate the PCNs. More detail of the experimental procedure has been discussed in our recent publication [9] .
Porous carbon nanosphere characterization
PCNs was first characterized using Fourier transform infrared spectroscopy (FTIR) (Perkin, Elmer Spectrum 100), field emission scanning electron microscope-energy dispersive x-rays (FESEM-EDX) (JEOL, JSM-7800F), XRD (Rigaku Mineflex II) and transmission electron microscopy (TEM) (JEOL, JSM 1230). Full details about the PCNs were given in [9] and here we only give a particle size comparison between FESEM and TEM. Both were in good agreement with each other exhibiting a uniform molecular size around 35-45 nm as shown in figure 1.
Electrochemical studies
The electrode was made by mixing PCNs with 5 wt% polytetrafluoroethylene (PTFE) and 15 wt% carbon black, followed by pressing the mixture onto a nickel foam. Then the two electrodes were pressed into a coin cell design. The toal mass of both electrodes is around 9.13 mg and the electrode dimension is around 1 × 0.8 cm. The electrochemical tests were performed using a two-electrode type system, in which the two electrodes were electrically isolated from each other by a porous membrane in 5M KOH electrolyte. The data were collected using an electrochemical workstation (Autolab/ PGSTAT M101) equipped with a frequency response analyser. CV tests were performed between 0 and 1 V with scan rates ranging from 5 to 100 mV s −1 . Charge-discharge galvanostatic tests were performed at current densities up to 1 A g −1 . Impedance data were collected from 500 kHz to 0.01 Hz, with 10 mV in an ac amplitude signal at open circuit potential (OCP).
Results and discussion
CV curves measured at different scan rates and specific capacitance as a function of scan rate for PCNs were shown in figure 2.
CV curves exhibit an almost rectangular-like shape, which reveals the ideal capacitive behaviour. The specific capacitance (C s ) was calculated by integration of the area under the curves and found to be 343 F g −1 at 5 mV s −1 and the values decreased with increasing scan rate, as shown in figure 1(b) . At a scan rate less than 25 mV s −1 , electrolyte ions have more time to diffuse into the micropores of the PCNs, making the huge increase in the specific capacitance values. However, at a higher scan rate, the electrolyte ions do not have sufficient time to diffuse into the micropores, generating a slower specific capacitance values increment. These findings are much higher than those reported for carbon nanospheres prepared by resorcinol-formaldehyde polymers (219 F g −1 in 1M H 2 SO 4 at 1 mV s −1 ) [5] . These high C s values could be attributed to the high micropore ratio of 75% [9] that could be accessible to the electrolyte ions. It is to be noted that the specific surface area of the PCNs is around 52 m 2 g −1 . The expected specific capacitance is only 10.4 F g −1 . However, this expected value is only based on double layer capacitance. The huge difference between expected and experimental results may be due to the presence of pseudocapacitance in the PCNs.
The charge-discharge tests were performed at different current densities and shown in figure 3(a) . The data displays nearly a straight line with neglected iR drop of 1.4% at 0.06 A g −1 , indicating a good currentvoltage response. The specific capacitance was calculated from charge-discharge data using the equation reported elsewhere [1] . The calculated specific capacitance decreased with increasing discharge current and the highest specific capacitance of 309 F g −1 was obtained at 0.06 A g −1 . This is higher than the specific capacitance obtained for nitrogen-doped porous carbon nanospheres (190 F g −1 in 6M KOH at 0.05 A g −1
[10]) due to smaller particle size (35 nm) of the PCNs. The cycling stability of PCNs was performed using galvanostatic charge-discharge at 1 A g −1 for 2500 cycles and the result is presented in figure 4 .
PCNs showed very good cycling stability where it still maintained more than 90% of its original capacitance after 2500 cycles. The inset shows some charge-discharge cycles during the test. In addition, PCNs showed high Coulombic efficiency of 95%. Moreover, the long term stability of these PCNs had been tested by running the CV before and after the charge-discharge cycles, as shown in figure 5 . The data showed that at 10 mV s −1 , the C s was 280 and 270 F g −1 before and after 2500 cycles, respectively. Therefore PCNs still possessed around 96% of their capacitance after 2500 cycles. Such high capacitance retention up to 2500 cycles suggests that the PCNs are a good candidate for supercapacitor application. The electrochemical impedance spectroscopy (EIS) data was done to further investigate the electrochemical properties for PCNs. Nyquist plots for PCNs before and after 2500 charge-discharge cycles are shown in figure 5 . The insets of A small semicircle in the high-frequency region and a vertically straight line in the low-frequency region can be seen. The solution resistance (R s ) was found to be very small (0.53 Ω), indicating high electrical conductivity of PCNs. The charge transfer resistance (R ct ) associated with the surface electrode properties was found to be 0.62 Ω.
The Warburg (W) impedance due to the solid-state diffusion was obtained using the equivalent circuit fitting. The vertical linear section in the low-frequency region demonstrated a pure capacitive behaviour and represented an ideal supercapacitor. The result of the EIS measurement indicated that the PCNs have good capacitive performance. All fitting parameters before and after 2500 charge-discharge cycles are summarized in table 1. As we can see, all parameters after 2500 charge-discharge cycles were close to those before testing, indicating good electrochemical stability for PCNs.
The increase in C dm and constant phase elements (CPE) as well as the decrease in R s are quiet surprising. We attribute these to the activation of the PCNs after the long cycling process. Such a phenomenon has been explained in the literature [11, 12] .
Potassium hydroxide (KOH) plays an important role in the activation of graphene and all carbon materials. There was a large increase in specific capacitance of graphene and activated carbon when they were treated with KOH. In our case the electrolyte KOH supposly goes through the same activation process under this long charge-discharge cycling.
The Ragone plot for PCNs is shown in figure 7 , showing the maximum energy density of 11 Wh kg −1 and maximum power density of 44 W kg −1 . The energy and power densities were calculated using the equation reported elsewhere [13] . The energy density was found to be higher than those obtained for activated carbon [14] .
The obtained high values of supercapacitance may be due to the template formed in porous carbon nanoparticles as discussed in detail in our earlier paper [9] .
Conclusion
In conclusion, very high supercapacitance values were reported for the first time using catalyst free porous carbon nanoparticles. The obtained electrochemical behaviour in 5 M KOH indicates excellent supercapacitor performance. That is 
